[1] The physical and biological processes controlling surface mixed layer pCO 2 and O 2 were evaluated using in situ sensors mounted on a Lagrangian drifter deployed in the Atlantic sector of the Southern Ocean (∼50°S, ∼37°W) during the austral fall of 2008. The drifter was deployed three times during different phases of the study. The surface ocean pCO 2 was always less than atmospheric pCO 2 (−50.4 to −76.1 matm), and the ocean was a net sink for CO 2 with fluxes averaging between 16.2 and 17.8 mmol C m −2 d −1 . Vertical entrainment was the dominant process controlling mixed layer CO 2 , with fluxes that were 1.8 to 2.2 times greater than the gas exchange fluxes during the first two drifter deployments, and was 1.7 times greater during the third deployment. In contrast, during the first two deployments the surface mixed layer was always a source of O 2 to the atmosphere, and air-sea gas exchange was the dominant process occurring, with fluxes that were 2.0 to 4.1 times greater than the vertical entrainment flux. During the third deployment O 2 was near saturation the entire deployment and was a small source of O 2 to the atmosphere. Net community production (NCP) was low during this study, with mean fluxes of 3.2 to 6.4 mmol C m −2 d −1 during the first deployment and nondetectable (within uncertainty) in the third. During the second deployment the NCP was not separable from lateral advection. Overall, this study indicates that in the early fall the area is a significant sink for atmospheric CO 2 .
Introduction
[2] The Southern Ocean, which makes up 10% of the world's oceans, is thought to be responsible for 9%-40% of the oceanic uptake of anthropogenic CO 2 [Sabine et al., 2004; Fletcher et al., 2006; Khatiwala et al., 2009] , removing 0.06 to 0.4 Pg C yr −1 from the atmosphere [McNeil et al., 2007; Takahashi et al., 2009] . The wintertime partial pressure of CO 2 (pCO 2 ) in the Southern Ocean (50°S-60°S) was increasing at a mean rate of 2.1 ± 0.6 matm yr [Takahashi et al., 2009] , somewhat faster than the global mean atmospheric pCO 2 increase of 1.7 ± 0.1 matm yr −1 [Le Quéré et al., 2010 ; P. Tans, http:// www.esrl.noaa.gov/gmd/ccgg/trends/, 2009] over the same time period. Historically the Southern Ocean has been undersampled; however, recognition of its importance in the global carbon cycle has resulted in it receiving considerable attention from the scientific community in recent years.
[3] The Southern Ocean, and in particular the area encompassed by the Antarctic Circumpolar Current (ACC), is known for its strong westerly winds (the "Roaring Forties"). Climate models of the Southern Ocean find that wind speed will increase with global warming [Fyfe and Saenko, 2005; Zickfeld et al., 2007; Lovenduski et al., 2008] , which will increase rates of air-sea gas transfer. The models have also found that the increase in wind speed will also increase Ekman transport, and consequently upwelling of carbon-and nutrient-rich deep waters in the southern ACC and downwelling in the northern ACC [Hall and Visbeck, 2002; Bryden and Cunningham, 2003; Marshall, 2003; Oke and England, 2004] . However, the magnitude of these changes remains uncertain [e.g., Lenton and Matear, 2007; Boning et al., 2008; Saenko, 2008] . The Southern Ocean is also a highnutrient, low-chlorophyll region, with biological productivity being primarily Fe limited [Martin et al., 1990; de Baar et al., 1999] . Observed rates of productivity range from −11 to +240 mmol C m −2 d −1 [Quéguiner et al., 1997; Boyd et al., 2000; Gervais et al., 2002; Strass et al., 2002; Coale et al., 2004; Fransson et al., 2004a; Shim et al., 2006; Guéguen and Tortell, 2008 , and C mass balance). Seasonal blooms can lead to significant CO 2 undersaturation, with observed pCO 2 as much as 180 matm below atmospheric levels [e.g., Guéguen and Tortell, 2008] . Increased upwelling of nutrient-rich waters will stimulate primary productivity, drawing down pCO 2 in the surface waters, thereby potentially enhancing the uptake of anthropogenic CO 2 . However, upwelled waters also have elevated pCO 2 , which will decrease the net air-sea CO 2 uptake.
[4] While limited in terms of mapping biogeochemical provinces, Lagrangian studies in other regions have observed the natural CO 2 cycle in individual water masses. Lagrangian studies in the eastern equatorial Pacific Ocean [DeGrandpre et al., 2004] found that diel heating, followed by net community production (NCP) and air-sea gas exchange were responsible for the observed diel changes in mixed layer pCO 2 . Lagrangian studies in the Greenland Sea [Hood et al., 1999] found that NCP drew down surface CO 2 concentrations in the summer, and that this draw down was offset by vertical entrainment of CO 2 rich waters, gas exchange, and respiration. Lagrangian studies in the North Atlantic [Hood et al., 2001; Merlivat et al., 2009] and the equatorial Atlantic [Bakker et al., 2001] have observed the effects of storms, biological productivity, and seasonal upwelling processes.
[5] Studies on individual water masses in the Southern Ocean have primarily been part of iron fertilization experiments and air-sea gas exchange studies [Boyd et al., 2000; Gervais et al., 2002; Coale et al., 2004] . During these studies unaltered waters had primary productivity rates of 11-17 mmol C m −2 d −1 , which increased up to 64-276 mmol C m −2 d −1 with the addition of Fe, resulting in a 20-40 matm drawdown in pCO 2 . To our knowledge, the only other Lagrangian drifter study of pCO 2 was performed in the Pacific sector of the Southern Ocean in 2004-2005 using CARIOCA drifters [Barbero et al., 2011] .
[6] In March 2008, we deployed a Lagrangian drifter as part of the Southern Ocean Gas Exchange cruise (SOGasEx) to investigate carbon cycling within an individual water mass in the Southern Ocean under high wind speeds and long fetch waves. The drifter provided high-frequency measurements (every 1/2 h) of pCO 2 , dissolved oxygen (O 2 ), and temperature at multiple depths in the upper 100 m of the water column. These data were used to calculate airsea gas exchange and vertical entrainment fluxes for CO 2 and O 2 , and the results were used in a 1-D mass balance of dissolved inorganic carbon (DIC) and O 2 . This study provides an important assessment of the types of processes controlling the mixed layer pCO 2 , dissolved inorganic carbon, and dissolved oxygen in the Southern Ocean.
Study Site and Methods

Study Site
[7] The SO-GasEx cruise took place in the southern Atlantic Ocean south of the Polar Front (PF). Antarctic Intermediate Water (AAIW) forms in this region, as denser waters from the south sink below less dense waters from the north [Bakker et al., 1997; Olbers and Visbeck, 2005] . The MAPCO 2 drifter (see below) was deployed at 50°35′S, 38°40′W (Figure 1 ) on 8 March 2008 by the R/V Ronald H. Brown on the south side of an eddy, after injection of Figure 1 . Deployment locations of the MAPCO 2 (solid line) and ASIS drifters (dashed line) and CTD cast sites (dots) overlain on a map of satellite-derived SST for 18 March (TMI and AMSR-E satellites). The MAPCO 2 drifter was deployed three times, twice in the initial tracer patch (northwest deployments) and once in the second tracer patch (southern deployment). The line for the first MAPCO 2 deployment is short and partially obscured by the CTD markers and the line for the ASIS data. The CTD cast sites indicate the central location of the tracer patches. a 3 He/SF 6 tracer patch at the site. An ASIS drifter (described below) was deployed in the patch on 10 March 2008 (Figure 1 ). During the SO-GasEx cruise 3 He/SF 6 concentrations, monitored along ship transects, were used to calculate air-sea gas fluxes and to confirm that the drifters were Lagrangian; for details on the tracer patch see Ho et al. [2011a] . During the first deployment the MAPCO 2 drifter was riding lower in the water than it was designed, and was recovered from the tracer patch on 12 March, reconfigured and redeployed on 13 March. Due to inclement weather and ship problems, the ship was forced to take refuge near South Georgia Island on 13 March while the MAPCO 2 and ASIS drifters remained in the water. On 17 March, the ship returned to the remnants of the first tracer patch (Figure 1) , and the drifters were recovered on 18 March. The drogues on the mooring line were able to keep the MAPCO 2 drifter within the tracer patch. However, the ASIS drifter moved out of the tracer patch upon deployment (Figure 1) . A new tracer patch was established at 51°9′S, 38°29′W and the MAPCO 2 drifter was redeployed on 21 March. The ASIS drifter was not redeployed. On 26 March, the MAPCO 2 drifter split from the main patch and drifted to the southeast (Figure 1 ). The drifter was recovered on 31 March within a portion of the tracer patch after it had drifted ∼50 km from the main patch.
MAPCO 2 and ASIS Drifters
[8] The MAPCO 2 drifter contained an autonomous sensor that measures pCO 2 in the sea surface and atmosphere [Friederich et al., 1995] , 2 GPS tracking devices, and a SeaBird 37 Microcat sensor which recorded the temperature and conductivity at 1 m depth. Six 9 m "holey sock" drogues were mounted between 25 and 91 m depth. SAMI-CO 2 sensors [DeGrandpre et al., 1995] (Sunburst Sensors) were mounted on a wire below the drifter at 5, 19, 34.5, 50, 75, and 105 m depth, sampling every 30 minutes. All SAMI-CO 2 sensors were equipped with oxygen optodes (Aanderaa Model 4175) . No data were recovered from the 19 m SAMI-CO 2 . Water temperature sensors (Onset PRO V2) were located below the drifter at 5, 19, 25, 34, 34.5, 40.5, 49.5, 50, 56, 65, 65.75, 74.75, 81.25, 90.25, 91, 100, and 105 m. After the first deployment the MAPCO 2 drifter was reconfigured to reduce the load, which included moving the 105 m SAMI-CO 2 up to 96 m, and removing the100 m and 105 m temperature sensors.
[9] The Air-Sea Interaction Spar (ASIS) drifter was designed to observe meteorological and wave conditions near the ocean surface [Graber et al., 2000] . A SAMI-CO 2 sensor was mounted 1 m below the sea surface. Wind speed measured by the ASIS drifter was normalized to 10 m by converting the measured winds to neutral equivalent using the stability relationship of Donelan [1990] , and then assuming a log layer profile to calculate the neutral wind speed at 10 m.
Shipboard Measurements
[10] The in situ data were compared to shipboard measurements for both data quality control and to aid interpretation. Underway pCO 2 measurements were performed on surface seawater collected from the bow intake (5 m depth) using an equilibrator infrared system [Pierrot et al., 2009] calibrated with NOAA certified gas standards. As was noted by Juranek et al. [2010] , the underway lines were cleaned with bleach prior to the cruise to prevent alteration of the CO 2 by respiration-underway/Niskin comparisons of dissolved O 2 showed that this treatment was successful. Underway pCO 2 data were postprocessed to in situ temperature and pressure. Every 12 h discrete samples were collected in the patch for dissolved inorganic carbon (DIC), total alkalinity (A T ), dissolved oxygen (O 2 ), and nutrients (NO 3 − [nitrate + nitrite], PO 4 3− , and silicic acid). Samples were collected at depths close to the depths of the SAMI-CO 2 sensors. DIC measurements were performed using the coulometric method [Johnson et al., 1985] , verified with certified reference materials (CRM, supplied by A. Dickson of Scripps Institution of Oceanography). After every 24 samples, 1-2 CRMS were run per CTD station, and the systems had an accuracy of 0.1 mmol kg −1 and a precision of ±0.33 mmol kg −1 . A T measurements were performed using potentiometric titrations, and were verified by analyzing CRMs [Dickson et al., 2003] every 24 samples. A T measurements had an accuracy of 2 mmol kg −1 and a precision ±1 mmol kg −1 . Dissolved O 2 measurements were performed using Winkler titrations, and had a precision of ±0.15 mmol kg −1 . Nutrients were measured using an automated continuous flow system with segmented flow and colorimeteric detection [Zhang, 2000; Zhang and Chi, 2002] . Data were linearly interpolated with time and depth to match the sampling times and depths of the pCO 2 data.
Data Quality
[11] In situ data collected by the SAMI-CO 2 systems were compared with discrete and continuous shipboard measurements to ensure that the measurements were accurate. The 5 m SAMI-CO 2 had good agreement with the underway pCO 2 data once a 4 matm offset was applied to the SAMI-CO 2 data. The SAMI-CO 2 data were within ±3-5 matm of the pCO 2 calculated from the discrete A T and DIC data using CO2SYS [Pierrot et al., 2006] for data collected within the mixed layer, and were within ±5-10 matm for data collected below the mixed layer. Although the SAMI response was not corrected for the effects of confining pressure at depth, the pressure dependence is negligible over this depth interval and did not contribute to the observed differences. In situ dissolved oxygen measurements were within 4 mmol kg −1 of the values measured by discrete Winkler titration (n = 41). During the start of the first drifter deployment the 5 m O 2 optode had a significant offset from the underway shipboard data, and during this time the underway O 2 data was used. Additionally, during the third drifter deployment the 5 m O 2 data differed from the underway O 2 data collected while the ship was near the drifter, however, the 35 m matched the underway data within uncertainty, and this data set was used for the mass balance calculations (see below). The differences between the in situ and discrete pCO 2 and O 2 measurements can be attributed at least in part to differences in water masses measured and the presence of an internal wave, which increased sampling uncertainty below the mixed layer.
Mass Balance and Flux Calculations
[12] We used a mass balance approach to compare the magnitudes of the different controlling processes, and to identify periods when our understanding of the system is incomplete. A mass balance that incorporates the dominant processes controlling surface mixed layer inorganic carbon and dissolved oxygen concentrations is:
where H is the surface mixed layer depth (H), dC dt is the rate of change of DIC or O 2 in the surface mixed layer, F gasex is the air-sea gas exchange flux, F ent is the vertical entrainment flux, and NCP is net community production (NCP = gross primary production − community respiration). All fluxes other than F gasex were calculated using the average ML concentrations. F gasex was calculated using the data from the 5 m sensors (except where noted above for Deployment 3), as this most closely reflects the air-water interface. There was no significant difference between the 5 m and average ML concentrations. In this Lagrangian experiment, we assume that the lateral advective flux is negligible; problems with this assumption are discussed in detail below. We assume that calcification was negligible based on the rates measured by Balch et al. [2011] . We are able to calculate F gasex and F ent as shown below, and NCP was calculated as the residual of equation (1). For all fluxes, a positive value indicates a flux into the surface mixed layer. A ratio of −106 DIC/141 O 2 , determined by Hiscock and Millero [2005] during the SOFeX cruise, was used to convert NCP based upon O 2 into carbon units, and this NCP was compared to DIC-based NCP to evaluate the accuracy of the mass balance calculations. Our mass balance only focuses on changes within the surface mixed layer, and we do not address changes in the DIC and O 2 inventory below the mixed layer here.
[13] The O 2 mass balances were calculated using only the continuous, in situ data collected by the sensors on the MAPCO 2 drifter, with the exception noted above. In situ DIC concentrations for use in the DIC mass balance were calculated from the in situ pCO 2 , pressure, temperature, salinity, and shipboard A T and nutrients using CO2SYS [Pierrot et al., 2006] , and the Mehrbach et al. [1973] constants refit by Dickson and Millero [1987] . It should be noted that A T and nutrient data were linearly interpolated to match the pCO 2 sampling frequency. The variability in A T during the study was small, so we are confident that interpolation did not introduce significant uncertainty into our analyses. The modeled mixed layer pCO 2 was calculated based upon the mass balance of DIC and discrete A T using the in situ temperature and pressure.
[14] Air-sea CO 2 gas fluxes were calculated using:
where k is the gas transfer velocity calculated from the wind speed relationship determined during the SAGE cruise in the Southern Ocean [Ho et al., 2006] , S is solubility at in situ air pressure, temperature, and salinity [Weiss, 1974] , and DpCO 2 is the difference between the pCO 2 in the atmosphere and the surface mixed layer (the mean atmospheric pCO 2 recorded by the MAPCO 2 sensor is 381 matm). Airsea gas fluxes for O 2 were calculated using:
where k is the gas transfer velocity calculated as above, using a Schmidt number for O 2 [Wanninkhof, 1992] , DO 2 is the difference between O 2 saturation at atmospheric pressure [Garcia and Gordon, 1992] , corrected for bubble entrainment [Woolf and Thorpe, 1991] , and the observed O 2 concentration. Wind speeds used to calculate gas fluxes for the MAPCO 2 drifter use shipboard measurements when the R/V Ronald H. Brown was nearby (deployment 1 and deployment 3), and from the QuikSCAT satellite when the ship was not present. Shipboard and QuikSCAT winds are directly compared by Ho et al. [2011b] . All wind speeds were interpolated to match the sampling times of the SAMI sensors (Figure 2 ). At high wind speeds bubble entrainment can have significant impacts on air-sea gas exchange, especially poorly soluble gases such as O 2 and Ar [Woolf and Thorpe, 1991] . To assess the Woolf and Thorpe [1991] bubble-mediated gas exchange parameterization for this study, we examined mixed layer Ar data (not shown) from discrete, shipboard measurements of O 2 /Ar and O 2 concentration during SO GasEx (Hamme et al., submitted manuscript, 2011) . Argon and O 2 have similar solubilities and diffusivities, so they respond similarly to bubbles. Using a one-dimensional mixed layer model (see Hamme et al. (submitted manuscript, 2011) for details of the model), we found that diffusive and bubble mediated gas exchange were the dominant processes affecting mixed layer Ar concentrations with entrainment a very minor flux. We found that the observed Ar concentrations could be explained within calculation uncertainty by air-sea gas exchange using the Woolf and Thorpe parameterization for bubbles. Consequently, it was also necessary to use this parameterization to model O 2 .
[15] Vertical entrainment fluxes (i.e., mixing), driven by an increase in MLD (H), were calculated from:
where C z′ and C z indicate concentration of DIC or O 2 of the entrained water and within the ML, respectively, dz is the increase in the MLD, Dt is the time step (1/2 h), and i and i − 1 are the current and previous time steps, respectively. F ent is assumed to be 0 when dz is <=0, as no new water is entrained. The MLD was calculated from the depth-interpolated temperature, which was 18 h low-pass filtered to remove an internal wave present in all of the data (12 h period, see below). A DT of 0.3°C (calculated as the difference between the surface T and T at depth) was used to calculate the MLD. This DT best matched up with a Ds of 0.01 kg m −3 calculated from the CTD profiles and physical model (general ocean turbulence model (GOTM) [Ho et al., 2011a] ), a density difference commonly used to define the MLD [Ho et al., 2011a] . Because of an intense rain storm during the third drifter deployment, temperature was not always sufficient to calculate the MLD, and the MLD was calculated from shipboard CTD density profiles. Additionally, based upon the output from the GOTM model [Ho et al., 2011a] , the vertical transport across the base of the mixed layer via eddy diffusion is small, and is assumed to be negligible over the length of this study.
Calculation Uncertainties
[16] Uncertainties are large when modeling any natural system. Analytical uncertainties for the methods used in this study are small, however, so are the chemical changes observed, thus small uncertainties can cause large errors. Analytical uncertainties in our pCO 2 and O 2 measurements (see above) lead to a ±10% to 50% uncertainty in our air-sea gas fluxes and vertical entrainment fluxes. Methodological errors also contribute to uncertainty in modeling studies. Ho et al. [2006] give a 7% uncertainty for their air-sea gas parameterization. Ho et al. [2011b] find that the Ho et al. [2006] relationship gives an excellent fit with the gas transfer velocities measured during the SO-GasEx cruise and with previous studies. Uncertainty in the calculated MLD can also lead to errors in modeled calculations. An uncertainty in our calculated MLD of ±5 m (the height of the observed internal wave) will give an uncertainty in the depth of the ML of 10% to 20%, which propagates through equations (1) and (4).
Results
Overview
[17] The results presented below are separated into data collected during the three drifter deployments, beginning with the physical data, followed by the chemical data, and then flux and mass balance calculations. A common trend in all of the data was the presence of an internal wave(s), which can be seen in the unfiltered MLD in Figure 2 . The three drifter deployments experienced markedly different conditions. Deployment 1 took place during a relatively low wind period, deployment 2 occurred during a storm with wind speeds in excess of 18 m s −1 , and during deployment 3 the water mass being observed split following an intense rain storm. The drifter was deployed in an eddy which was bounded to the north by a higher-temperature water mass and to the south by one with a lower temperature (Figure 1 ).
Deployment 1 3.2.1. Physical Conditions
[18] During the first MAPCO 2 drifter deployment the mean wind speeds were 10.7 ± 2.5 m s −1 , sea surface salinity (SSS) averaged 33.740 ± 0.003, and sea surface temperature (SST) averaged 5.52 ± 0.05°C (Figure 2 ). These small changes in hydrographic conditions reflect the trajectory of the drifter, which appeared to track the surface isotherm closely (Figure 1 ). The MLD increased from 32 m to 39 m during this 3 day period. When the ASIS drifter was deployed, the SST recorded by it initially matched that of the MAPCO 2 drifter, but the ASIS drifter moved away from the tracer patch into warmer waters (Figure 1) , where the SST reached a high of 6.28°C.
pCO 2 , DIC, and O 2
[19] The location for patch 1 was selected in part because the difference between sea surface and atmospheric pCO 2 was greater than 40 matm, allowing for direct flux measurements of CO 2 [McGillis et al., 2001] . Initial sea surface pCO 2 was 315 matm, 66 matm below the atmospheric level, and gradually increased to a maximum of 323 matm (Figures 3 and 4) . Calculated DIC concentrations increased from 2100 mmol kg −1 to 2103 mmol kg −1 over the 2.5 day deployment. Surface O 2 concentrations were initially at 319 mmol kg −1 and decreased to 315 mmol kg concentrations exhibit a weak diurnal oscillation, with pCO 2 varying by up to ±5 matm and DIC and O 2 concentrations varying by ±1 mmol kg −1 (Figure 5 ).
[20] Temperature, pCO 2 , and DIC below the MLD remained relatively uniform (Figure 3) . Midway through the deployment a slightly higher O 2 water mass was present beneath the mixed layer (Figure 3, 75 m) . This change in O 2 concentrations suggests that the surface layer migrated over a deeper water mass with different chemical properties.
Mass Balance
[21] The cumulative change in pCO 2 , DIC, and O 2 (SH dC dt ), and the contributions of F gasex (equations (2) and (3)) and F ent (equation (4)) are shown in Figure 5 . The surface ocean was a net sink of atmospheric CO 2 and a net source of O 2 (Table 1) .
Overall, during deployment 1, F gasex accounted for a 2.8 matm increase in pCO 2 , a 1.6 mmol kg −1 increase in DIC, and a 3.6 mmol kg −1 decrease in O 2 ( Figure 5 ). Correcting for bubble entrainment reduced the change in ML O 2 from F gasex to 0.9 mmol kg −1 . The vertical entrainment fluxes were episodic, hence the comparatively rapid increases in F ent followed by a leveling off. F ent was larger than F gasex for pCO 2 and DIC (Table 1) , resulting in a 4.7 matm increase in mixed layer pCO 2 , and a 3.0 mmol kg −1 increase in DIC. In contrast, F ent was smaller than F gasex for O 2 due to a small vertical gradient, resulting in a 0.9 mmol kg −1 decrease in O 2 ( Figure 5 ). Additionally, during this deployment a slight increase in temperature was responsible for a 1.2 matm increase in pCO 2 ( Figure 5 ). NCP was calculated as the residual of the mass balance calculations (equation (1)). NCP for DIC and O 2 averaged 6.7 ± 9.2 and 3.2 ± 9.9 mmol C m −2 d −1 , respectively (Table 1 ; O 2 NCP fluxes are reported in C units for ease of comparison, and positive NCP fluxes indicate biological uptake). The NCP calculated from DIC and O 2 are the same within the uncertainty of the mass balance.
Deployment 2 3.3.1. Physical Conditions
[22] The second deployment of the MAPCO 2 drifter provides a contrast to the relatively stable conditions seen in the first deployment. Wind speeds averaged 12.2 ± 3.5 m s −1 , reaching a maximum of 18.7 m s −1 midway through the deployment and a low of 1.9 m s −1 near the end of the deployment (Figure 2 ). The SSS remained nearly constant, averaging 33.747 ± 0.003. SST was more variable, averaging 5.67 ± 0.21°C, and twice reached maxima in excess of 6°C (Figure 2, arrows in second panel) . The increases in SST appear to correlate (not shown, R = 0.69, p value < 0.05) with times when the wind direction recorded by the ASIS drifter (which was used due to the sparse QuickSCAT data) switched from westerly to northerly on 15 and 18 March (Figure 6 ), and the increase in temperature was seen down to depths of 35 m (Figure 3) . A similar correlation is seen in the DIC data (R = 0.63, p value < 0.05). The ASIS drifter also appears to have migrated into a neighboring water mass (Figure 1) , and the temperature maxima recorded by the 5 m SAMI-CO 2 were similar to the SST recorded by the ASIS drifter (Figure 2 ). The MLD, initially at 45 m, deepened to 55 m (Figure 2) . During the two SST maxima, the MLD shoaled up to 40 and 23 m. The correlation between DIC, SST, and wind direction suggests that when the winds were out of the north a neighboring water mass intruded upon our study site. The MLD depth shoaled up when the intruding water mass was present, so most of the drogues were below the surface mixed layer (drogue depth ranged from 25 to 91 m), and the drifter likely was not tracking the surface water mass. The ship was not present during a significant portion of this deployment and therefore no samples were taken to establish the location of the patch.
pCO 2 , DIC, and O 2
[23] Initial ML pCO 2 in the second deployment was 322 matm which increased to 329 matm by the end of the deployment (Figure 4) . DIC shows little overall change, increasing by only 1 mmol kg −1 from an initial concentration of 2102 mmol kg −1 . There is no obvious diurnal cycle present in the DIC data, instead DIC varies by up to 7 mmol kg −1 with SST. As was stated above, DIC was significantly correlated with wind direction (Figure 6 ), with lower DIC concentrations occurring when the winds [Woolf and Thorpe, 1991] and are included for comparison. NCP is given in C units for O 2 for ease of comparison. During the second deployment NCP was not calculated (nc) due to interference from an intruding water mass. were out of the north, and higher DIC concentrations (comparable to those observed during the first deployment) when the winds were out of the west.
[24] The pCO 2 observed by the ASIS drifter were within 10 matm of those observed by the MAPCO 2 drifter (Figure 4 , see caption). While no A T data are available for the intruding water mass, the SSS was similar, so DIC data calculated during this deployment are likely accurate. Since the SST of the intruding water mass was higher, and the pCO 2 was similar to that observed in the patch, the DIC of the intruding water was lower (Figure 4) . In contrast to DIC, O 2 was not correlated with wind direction, and instead a small diurnal signal is present (Figure 6 ). From this it appears that the intruding water mass had similar O 2 characteristics as the MAPCO 2 water mass. During the second deployment temperature below the MLD remained constant, however, the high O 2 water mass at 75 m seen in the first deployment sank below our deepest sensor (96 m) at the time of the first temperature maxima (Figure 3) .
Mass Balance
[25] The cumulative changes in pCO 2 , DIC, and O 2 are markedly different, with the changes in DIC and pCO 2 being dominated by the intrusion of the neighboring water mass while O 2 was relatively constant ( Figure 6) . As was the case in the first deployment, the surface ocean was always a sink for atmospheric CO 2 and a source of O 2 (Table 1) , and F gasex resulted in a 3.3 matm increase in pCO 2 , a 1.6 mmol kg −1 increase in DIC, and a 5.7 mmol kg −1 decrease in O 2 . During this deployment correcting O 2 for bubble entrainment reduced the change in ML O 2 due to F gasex to 3.1 mmol kg −1 . The MLD, even though it shoaled up twice during this deployment, had a net increase of 10 m, and F ent caused the mixed layer pCO 2 to increase by 4.5 matm, DIC to increase by 3.6 mmol kg −1 , and O 2 to decrease by 2.9 mmol kg −1 . NCP was not calculated for this deployment, as we have insufficient data to account for lateral advection. (Figure 2 ). Throughout deployment 3 the temperature in the mixed layer decreased, from an initial temperature of 5.0°C to a final temperature of 4.3°C (Figures 2 and 3) . The mean sea surface salinity was 33.731 ± 0.018, and it reached a low of 33.612 following a rain storm on 26 March (Figure 2) , after which tracer patch 2 split and the MAPCO 2 drifter moved away from the main tracer patch which was followed by the ship. However, significant tracer was also found at the location where the drifter was recovered. At the point of divergence of the drifter and patch, the drifter moved south crossing isotherms into colder water (Figure 1) . The MLD was steadily increasing prior to the rain storm, from a minimum of 45 m at the beginning of the deployment to 58 m at the beginning of the rain event. The rain storm caused the MLD to rapidly shoal up to 12 m, after which it gradually increased to 59 m. 3.4.2. pCO 2 , DIC, and O 2
[27] The mixed layer pCO 2 was initially lower than in the first 2 deployments, as the drifter was deployed in a new water mass, and increased by 20 matm from 305 to 325 matm during the deployment (Figure 4) . In contrast, DIC concentrations were higher (Figure 4) , as A T was higher, and DIC increased by 10 mmol kg −1 from an initial concentration of 2108 mmol kg −1 . O 2 concentrations oscillated slightly 
[28] As was the case with the other 2 deployments, the ocean was a net sink of CO 2 . Dissolved O 2 , however, was at or near saturation throughout this deployment. The average F gasex for pCO 2 and DIC are higher than those observed during the first deployment (Table 1) , and F gasex for O 2 was much lower. F gasex resulted in a 6.6 matm increase in pCO 2 , a 3.1 mmol kg −1 increase in DIC, and a 0.8 mmol kg −1 increase in O 2 after correction for bubble entrainment (Figure 7 ). Correcting O 2 for bubble entrainment reduced the change in ML O 2 due to F gasex by 3.8 mmol kg −1 . The 14 m increase in MLD was larger than that seen in the previous 2 deployments; however, this occurred over a longer time period and, as a result, the average F ent during the third deployment was lower than previously observed (Table 1) . Overall, F ent was responsible for a 8.4 matm increase in pCO 2 , a 6.9 mmol kg −1 increase in DIC, and a 2.8 mmol kg −1 decrease in O 2 . Temperature during this deployment decreased by 0.7°C, which resulted in a 9 matm decrease in pCO 2 . Based on both the DIC and O 2 mass balances, NCP during the third deployment was net heterotrophic, and the NCP calculated from DIC and O 2 are the same within calculation uncertainties (−7.3 ± 8.4 mmol C m 4. Discussion
Comparison of the Three Deployments
[29] During all 3 deployments the fluxes of CO 2 due to air-sea gas exchange were similar, however, the relative amount they contributed to the ML carbon budget was markedly different. The F ent during deployment 1 for DIC was 1.8 times greater than F gasex (Table 1) . For O 2 , F gasex was 4.1 times greater than F ent , and during deployment 2 F ent was 2.2 greater than F gasex . F ent for O 2 was almost 2 times greater than the first deployment, and F gasex was 1.9 times greater than F ent . During the third deployment, which was in a new water mass, conditions were different. F ent for DIC was 1.3 times greater than F gasex . O 2 was near saturation most of the deployment (within analytical uncertainty), thus the net O 2 sink during this deployment should be regarded with care. The magnitude of F ent for O 2 was smaller than that observed during the previous deployments. NCP during deployment 1 offset 15% of the DIC increase and 10% of the O 2 decrease, and during the third deployment, which was in a different water mass, NCP was not a significant contributor. Overall, during the first 2 deployments mixed layer CO 2 fluxes were primarily controlled by vertical entrainment, while during the third deployment vertical entrainment fluxes and gas exchange fluxes were nearly equal. Gas exchange fluxes were generally much greater than vertical entrainment for O 2 . Additionally, correcting the O 2 air-gas exchange rates for bubble entrainment reduced the fluxes by a factor of 1.4 to 1.6 for the three deployments. Thus it is apparent that no single process dominated the changes in the ML DIC and O 2 budgets, and knowledge of air-sea gas exchange, vertical entrainment, and less so biological processes are necessary to understand this system over this month long study.
[30] During periods when they overlap, our NCP results fall within the range of rates from other studies conducted during the SO-GasEx cruise. Lee et al. [2011] used, and during the third deployment they report values of 13 to −50 mmol C m −2 d −1 .
Comparison With Previous Studies
[31] Southern Ocean data from the CDIAC/WOCE database (http://cdiac.ornl.gov) in similar areas (just south of the PF) have similar pCO 2 (340 matm), DIC (2120 mmol kg −1 ), and A T (2280 mmol kg −1 ) as those observed within the mixed layer during this study (Figure 4) . Air-sea gas fluxes calculated in this study are comparable to those calculated by Takahashi et al. [2009] (16.2 to 17.8 mmol C m −2 d −1 in this study as compared to 6.7 to 12.3 mol C m −2 d −1 ). Fransson et al. [2004a Fransson et al. [ , 2004b found that the southern Atlantic Ocean near the PF was a weak source of atmospheric CO 2 and a sink for O 2 during the austral winter of 1997-1998. A biogeochemical model by Metzl et al. [2006] calculated a pCO 2 in March of ∼320 matm in this region, increasing to 340 matm by April, similar to the changes in pCO 2 observed in this study. The low pCO 2 seen at this time is attributed to residual summer primary productivity as summer transitions to winter, and pCO 2 begins to increase due to entrainment of CO 2 rich waters and gas exchange [Metzl et al., 2006] .
[32] As stated above, few detailed studies have been conducted on individual patches of water in the Southern Ocean, and most of those have been performed as control studies during iron fertilization experiments. The first Southern Ocean iron fertilization study, SOIREE [Boyd et al., 2000] , took place in February 1999, within the ACC between 60 and 61°S in the Pacific sector of the Southern Ocean. During the 13 days of this study, pCO 2 , DIC, and chlorophyll a outside of the iron fertilization patch remained relatively constant, with a small net air-sea CO 2 flux into the patch. In November 2000, a second iron fertilization study was conducted in the Southern Ocean at 48°S in the Atlantic sector, within the ACC (EisenEx [Bozec et al., 2005] ). Over the 21 day experiment of this study the pCO 2 in waters outside of the iron fertilization patch remained at equilibrium with the atmosphere (362 matm), and DIC outside the patch remained near 2130 mmol kg −1 . The Southern Ocean iron exchange study, SOFeX, was conducted during January and February 2002 [Coale et al., 2004; Hiscock and Millero, 2005] . During SOFeX 2 iron fertilization patches were created, a northern patch at 56°S within the ACC and a southern patch at 66°S (both within the Pacific sector), south of the ACC. The northern patch was in waters similar to those in this study (south of the PF, within the ACC). Over the course of the 33 day study nutrient concentrations remained constant in the waters outside the northern iron enrichment site, DIC decreased by 15 mmol kg −1 , and pCO 2 increased by 5 matm, however; no explanation was given for these changes. As was noted in the introduction, primary production rates in unaltered water masses were 11-17 mmol C m −2 d −1 , which are comparable to our NCP fluxes from the first deployment (Table 1) . During the SOFeX study Lagrangian profilers were deployed inside and outside of the iron fertilization patches, and were allowed to drift free for over a year after the study [Bishop et al., 2004; Bishop, 2009] . During the austral fall these profilers recorded minimal POC fluxes near the PF, which agree with the low NCP observed in this study.
[33] This study documents a number of the processes controlling mixed layer DIC and O 2 concentrations near the PF in the Southern Ocean. The relative magnitude of the airsea gas exchange and vertical entrainment fluxes, as compared to the biological fluxes, show that during the austral fall mixed layer DIC and O 2 concentrations are primarily controlled by physical processes. However, as was shown above, the Southern Ocean is highly heterogeneous, making accurate quantification of seasonal and annual CO 2 fluxes difficult. Long-term, basin-wide measurements of pCO 2 and other biogeochemical parameters are needed to more accurately address the role the Southern Ocean plays in the global carbon cycle.
